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FOREWORD
'For the past few years an extensive research p~oject has
been oonduoted at Lehigh University to investigate the carry""
ing capao1ty of th1n"web,plate g1~ders•. The work oonsisted
of analytioal stUdies and a series of tests on full size,
welded steel girders. As a re8"~t, de,sign, recommendations
were prepared whioh are incorporated in the new AlSO T:D~s1gn
Speoifioations. Some or the findings of this researob a~.
summarized here and the more important design reoommendations
are pllesented briefly. The SUbject is treated from a physioal
:rather than a mathematioal viewpoint as muoh as possible.
INTRODUCTION
Plate ,girders can often be loaded beyond the web
buckling load predioted by the classical plate buck11n~
theoryo This is due to the fact that the web plate is
framed by flanges and transverse stiffeners which allow
for a redistribution of stresso
Since a plate girder web is usually subjected to
bending, shear~ or a combination of the two, the stress
redistribution will be summarized for these three caseso
25102,5 =3
Actual measurements SbDW that there is seldom a per~
featly plane web in a steel plate girder and that sudden
buckling of the web under bending is usually non=existent (1) •
I\leasu.rerl cross=-sect;io11al configuratioI1s of a girder dlte to
increasing moments are depicted on the left of Figo 10 (The
tll')plied monlents are ex.pressed ill terJrl1s of tl18 yIeld 11101uent
Wllich Is tl1.6 1110tnent causing initial y1.eldingo) The stre.lightene=
i:n,g oj~~ the terlsioYl portiol) ~111Cl the E\l~actuaJ.. :Ca-cexaal deflection
of the compression portion of the web is evidento
of this figure, two phenomena are observedo Firat g the
laterally deflected portion of the web does not carry the
Secor.ldl:Y'.9 the stresses in tl'le conlpr1 ess:Lon :CIB.x1ge 8.,re grJea.ter
than the values derived from beam theoryo The combination
of tl1.8se two effects :tndicates a reclj~8tl"~ibu-tiol) t)f Stl'GSS
from the web to the flangso Such a redistribution can be
tlau..sted (in o·t11sr '(Nords 9 as l011g a.s tIl(:) l~la:nge does not fail) 0
Because the web carries a lower bending stress than
Jehe f1lange and because it is 111uch closert to tlle neutral axis,9
the wabis contribution to the resisting moment is only a
sIns.11 part of the t~otal~ .ti small area. of t.1:1S compression.
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flange will sU'pply a resisting momen,t equal to that of the
compression portion. of the web 0 This condition leads to
the concept of effective width. A portion of the web adjacent
to the compression flange is considered as a part of the
flange to resist momento
A compression flange may fail by buckling as well as
by yieldingo Figo 2 indicates the three ways it can buckle,
namely» vertically~ torsionally, or laterallyo These
buckling modes will now be describedo
10 Vertical Buckling of Compression Flange
;
When a girder is subjected to moment$ the compression
flange bends toward the web. Having little rigidity in this
Idirection, it depends upon the web for supporto If the
supporting web buckles, the flange will also buckle (Figo 3)0
Assuming the t the web is strong enough to susta.in the pressure
from the compression flange so that the latter can be strained
to yielding, no vertical buckling will occur prior to £lange
yieldingo Consideration of equilibrium between the ~lange
and the web under such a condition gives a limitation to the
slenderness of the web (2)
(1)
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where D and t are the depth and thickness of the web»E
and 0y are the modulus of elasticity and yield point of
the girder material~ and or is the residual stress in the
flangeo For a welded steel girder with cry ~ 33$000 psi and
or = 16,500 psi, this limiting web slenderness ratio is
nit = 3400
Zo Torsional Buckling. of Compression Flange
Twisting of the compression flange can only occur be~
tween transverse stiffeners and is» in effect, a local
buckling of the fl~ngeo A frequently used method of pre~
venting this type of failure is to specify a maximtun value
of the wldth~to~thlckness ratio of the projecting portion
of the fla.nge ()
3~ Lateral .Buckling
For shallow, stocky rolled shapes,? lateral buckling ~:r
a flange causes the entire section to tilt since the section
is rigid enough to preserve its shap~. The LD/bt ~ormula
applies for this case. However, preservation of cross~
sectional shape cannot be assured f011 plate girders where
the web is slender (Figo 4)0 This implies that the buckling
resistance is furnished only by the compression flange. The
situation is therefore nothing more than a column problemo
Using the formula suggested by the Column Research Council 0) ,
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the recommended formula for allowable stress can be obtainedo
For example, the allowable bending stress for steel with a
yield point of 33,000 psi is,
(j =a (2)
where 01 is a factor dependent on the moment gradien.t on the
member, L is the unsupported length of the compression flange
and r is the radius of gyration of the effective compression
flange fl
r =
If rectangular flange plates are used~ Formula 2 can be ex~
pressed as
which is in. the form of the existing AASHO stress formulao
40 Flange stress Reduction
It was pointed out before that stress redistribution due
to out--ofo=ostraightness of the web ra.ises the flange stresso
As a result:9 an adjus ted allowable ben.ding stress, slightly
lower than. otherwise permitted, must be usedo Sin,ce thicker
webs deflect less than thinner ones, it is obvious that the
reduction is directly affected by the web slendern'ess ratio,
nit, and the area ratio, Aw/Af, as is shown in the formula
belowo
In this formula, crt is the adjus'ted allowable bending stress
a
and 0a is obtained from Formula 2 or is equal to 18»000 psi,
whichever is smaller (2).
Of course when. the web is thick enough to resist lateral
buckling, no reduction is necessarYb The limit is expressed
by the last term of Formu~a 40 When D/t is smaller than the
value given by this term, no reduction is requiredo For the
cases where cra is 18,000 psi or 27~OOO psi p web slenderness
ratios of 170 or 140 are obtained which are the existing
upper limits for transversely stiffened plate girders built
of structural carbon steal or high strength, low alloy
structural steel, respectivelyo This is to say that using
the new design reconnnendations, girders withD/t greater
than the existing limits are permissible providing the
allowable bending stress is reduced according to Formula 40
251.25
SHEAR
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It is physically impossible to have pure shear loadin.g
on a plate girdero While- the effect of combined shear and
bending will be discussed later, the effect of shear alone
will now be briefly summarizedo
10 Tension Field Action
The redistribution of stresses under shear is based
on the concept of tension field action p a con.capt which
has been utilized by aeronautical engineers for many yearso
To explain this action. in terms familiar to civil engineers,
a comparison between a plate girder and a Pratt truss is
helpfulo
Figure 5 shows a Pratt truss under loado All the
diagonals are in tension wi th the vertical force .components
equal to the compressive forces in the neighboring struts.
If the flanges and the struts are strong en.ough.9 l~ha.t will
be the failure mode of these tension diagonals? Evidently
they will rail by yieldingo Keeping this in mind and then
examining the plate girder shown below the truss j one is led
to think that the web of the g~rder may actually form tension
fields analogous to the tension diagonals and can be stressed
to yielding¢ The effect of web buckling on these imaginary
tension fields is not immediately clearo
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Again, test observatiol?s will assist in understanding
the situationo That a perfectly plane web seldom exists and
that a web only deflects gradually has been demonstrated by
actual measurements on steel girders (1) The wavy pattern
of web deflection in the compressive direction leaves fairly
straight sections in the tensile direction (F1go 6) and thus
the bu.ckling does not affect the tension ·capacityo Hypoc::a
thetically» a girder resists stress by "beam action" up to
the point at whi'ch web buckling occurso The wavy pattern
of the web will occur at this pointo Therefore, it is
assumed that the shear strength (Vu ) of a girder panel con-
sists of two parts~ the "beam action" shear strength (Vcr)
and the "tension field action" shear strength (Vten) (4)
Recalling that the unit stress of the tension field
acts with the web buckling stress to cause yielding, the
magnitude of the tension field shear force can be evaluated
mathematicallyo Incorporating a factor of safety (1083)
with the total shear strength, the allowable shear stress
in a girder web can be expressed as (4)
251025 -10
wheJ:1e cry and 'f:y are the yield points of the girder material
due to tension and shear, respectively; ~cr is the web
buckling s.tress; and diD is the ratio of panel length to web
depth. The first term in the bracket correspon~s to beam
action and the second term is the contribution of tension
rield actiono As can be seen from the numerator of the
't"
second term (1 - -£.£ ), tension field action starts only
~y
after beam action is developedo For stocky webs with
'tcr/cy > 1, beam action can be carried to yielding, hence
no tension field action will take plac60 In such cases, the
second term would be omittedo
Formula 5 may seem too complicated for design purposes.
For practical.use, this difficulty is overcome by tabulating
allowable stresses for different materials (ASTM A7~ A36,
etc.) and girder dimensionso An example is given as Table 1.
With these tables, it 1s a simple matter to find the allowable
shear stress for a given girder geometry, or conversely, to
find the prope~ stiffener spacing corresponding to a given
shear st~ess.
2. Size of Intermediate Transverse stifrenera
The vertical component of the tension field force needs
an anchorageo There are only two elements which may possibly
serve in such a capacity: the flanges ~nd the transverse
stiffenerso The flanges are too flexible to resist any pull
in the direction of the webo Consequently, the transverse
stiffeners take this responsibility, just as in a Pratt
truss the vertical component of the force in a diagonal is
transmitted to the neighboring strutso
As the result, the required area of a pair of stiffener
plates is (4)
As 1 (1 = '"tor) [d - (d/n)2 JDt
- 2 tty l? \ + (din) 2' (6)
As in the expression for allowable shear stress» (1 = '"tcr )
rr::y
expresses the tension field actiono The term in the
bra.ckets indicates the in,fluence of diD, the ratio of panel
length to web depth; and Dt is the area of the we~o This
stiffener area requirement is derived to resist the vertical
component of the tension field force and is to supplement
the existing requirement which provides the necessary
rigidityo
Again, the formula can be presented in tabular form
for design purposes (Table 1).
3. Spacing of' End Stiffener
The horizontal component of the ten.sian field force
is transmitted to the neighboring pan.els, as can be seen by
the yield pattern in Figo 6. At the ends of a girder where
there is n.o > neighboring panel, there are two methods to
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cover this situation. The first 1s to provide an end plate
which, forms a strong end post over the support to resist
the horizontal pull, (Fig. 7 ).0 The second'method is to
eliminate tension fi,eld action in the end panelo To
accomplish this, the width of the end panel should be such
that only beam action takes place. This is a,pecified by
the existing rule,
d =
9,000 t
fS
INTERACTION BETWEEN BENDING AND SHEAR
At locations in a girder where both bending moment and
shear force are high, tens~le a.nd shear stresses must be
kept within the allowable valuese
It was pointed out that a web transfers bending stress
to the flange and an adjusted allowable bending stress (a~)
is established. As long as this stress (cr~) is not exceeded,
the transfer does not reduce the factor of safety for the
bending stress and the web carries only shearo Since the
adjusted allowable bending stress is dependent on the girder
geometry, a consideration o~ the practical range of girder
geometry will help to establish a limit which will exclude
the possibility of overstressing the girdero
This limit has been established (5) and is shown in
Figo 80 When the bending stresses are less than 75 percent
or the shear stresses are less than 60 percent of their
respective allowable values, no interaction check is necessary.
otherwise, the allowable stress is given 'by the inclined line
in the figure 0 For ASTM A7 steel girders, for example~ this
Where 't" is the actual average shear stress in the web$
is
(8 )
251.25
SUMMARY
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The static, carrying capacity of a plat~ girder under
I
bending depends essentially on the compression flange while
the capacity under shear depends on the web and stiffeners.
The results of the investigation are given in terms of design
rules as they could be used for highway bridges. Additional
des1~ details not considered here, such as the fastening of
stiffeners to the girder, have been, investigated and are
discussed in the references cited. Some other important
features for bridge girders (horizontal.stif£eners,com-.
bination of different materials, repeated loadings) are
presently being investigated.
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ALLOWABLE SHEAR STRESSES IN PLATE GIRDERS (ksi)
R€OUIRED GROSS AREA OF INTERMEDIATE STIFFENERS (IN PER CENT OF WEB AREA)
For Yield Point of 33 ksi
Aspect ratios diD , stiffener spacing to web depth.
0.5 0.6 0.7 0.8 0.9 I.~ 1.2 1.4 1.6 1.8 2.0 2.5 :3 OVER3
60 11.5 11.5 11.5 11.5 11.5
--f-----
70 11.5 11.5 11.5 11.5 11.5 11.5 11.4
80 11.5 11.5 11.5 11.3 11.0 10.8 10.5 10.4 10.0
90 11.5 11.5 10.9 10.4 10.2 10.0 10.0 9.7 9.6 8.9
0.4 Q7 0.8 0.9 0.9
100 11.5 11.2 10.5 10.1 10.0 9.7 9.5 9.4 9.0 8.9 7.6
(/) 0.8 /.3 /.6 /.7 1.8 1.7 /.6
tn 11.5 11.0 10.3 10.1 9.8 9.5 9.2 8.9 8.6 8.1 7.8 6.2Q.) I 10c
~ 0.3 /.2 2.0 2.4 2.7 2.9 3.0 2.9 2,7
.S! --
.c 120 11.5 11.1 10.3 10.0 9.8 9.4 8.9 8.5 8.1 7.9 7.4 "7..1 5.2+--
~ 0.5 /.6 2.3 3.2 3.9 4.2 4.3 4.2 3.9 3.5
Q.) 11.5 10.4 10.0 9.8 9.4 8.9 8.3 8.0 7.6 7.3 6.8 6.4 4.53: 130
0.3 /.6 2.6 3.6 4.8 5.3 5.4 5.3 5.2 4.6 4.1
0
-t- 11.5 10.7 10.1 9.9 9.5 9.0 8.4 8.0 7.5 7.1 6.9 6.3 5.9 3.9140
.c 1.3 2.6 3.9 I 5.1 6.1 6.3 6.3 6.2 5.9 5.2 4.6+-
0.
w 150 11.5 10.3 10.0 9.6 9.1 8.7 8.0 7.6 7.1 6.8 6.5 6.0 5.5 3.3"'0
0.7 2.2 3.8 5.3 6.4 7.1 7.2 7.1 6.8 6.5 5.7 5.0
..0
~ 160 10.8 10.1 9.9 9.3 8.9 8.4 7.8 7.3 6.9 6.5 6.2 5.6 5.2
/.5 3./ 5./ 6.5 7.4 7.9 7.9 i:7 7.4 7.0 6./ 5.3
..
~ 170 10.4 10.0 9.6 9.0 8.6 8.2 7.6 7.1 6.6 6.2 6.0 5.30 0.3 2.3 4.4 6.3 7.5 8.2 8.6 8.5 8.2 7.8 7.4 6.4
(/) 180 10.2 9.9 9.3 8.9 8.4 8.0 ~4 6.9 6.4 6.1 5.8
.Q I. / 3.0 5.6 7.2 8.3 8.9 9.2 9.0 8.6 8.2 7.7
+- 1------
0
10.0 9.5 9.0 8.5 8.0 7.7 ~I 6.6 6.1 5.8~ 200
2.3 5.2 7.4 8.7 9.5 /0.0 /0.1 9.8 9.3 8.8 I
VJ
U> 9.8 9.2 8.7 8.2 7.4 7.5 6.9 6.3Q) 220c
~ 4.0 6.8 8.7 9.8 /0.5 /0.8 10.7 /0.3Q.)
u 9.5 9.0 8.5 8.0 7.7 7.3 6.7c 240Q)
5.5 8./ 9.7 /0.6 //.2 //.4 //.2U5
260 9.3 8.8 8.3 8.0 7.5 7.1
6.8 9.0 /0.4 //.3 //.7 //.9
280 9.1 8.7 8~2 7.8 "l4
7.7 9.8 / I. / / /.8 /2.2
300 9.0 8.5 8.1 7.7
8.5 /0.4 / /.6 /2.2
320 8.9 8.4 8.0
9.2 /0.9 /2.0
-
340 8.8 8.49..7 //.3
360 8.8/0./
TABLE
,"
(j ksi
EI03
+15 0 -15 -30
J J I I
• I • ,
+0.5 0 -0.5 -1.0
12.251.0767
My =15700k-in.
G5 - TI
OM/My0.34
/
0.99 0.68
-~~
T
8.63I1---st1l1·~
0=50"
0.32811
\ffii M6My
nn=0.34
... 0.68
11---0.99
rO.44
t=O.12911
Fig. 1 Measured Bending Stresses and Web Deflections
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Fig. 2 Buckling Modes of Compression Flange
Fig. 3. Vertical Bucklrng of Com,pression Flange
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Fig. 4 Lateral Buckling of Plate Girder Flange
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PLATE GIRDER
Fig. 5 Truss Analogy of Plate Girder
Fig. 6 Tension Fiel,d in Girder Web
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Fig. 7 Detail at Girder End
Fig. 8 Allowable Stresses for Interaction
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